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INTRODUCTION
In space, DSBs of DNA occur as a result of radiation exposure. To assess the effect of cosmic radiation on human bodies, it is necessary to determine the mechanism of the DNA damage repair system in mammals 1, 2) . Recently, in addition to the finding of DNA repair genes in mammals 3, 4) , the chromosome structure has come to be recognized to play a crucial role in DNA repair. H2AX has in particular been studied as a sensor of DNA damage by radiation and genotoxic reagents [5] [6] [7] . Histone H2AX is a minor component of H2A and represents 10% of the total H2A proteins 8) .We found that this gene was expressed in the thymus, spleen, testis, and small intestine by a Northern blot. The mRNA level of H2AX was found to be high in S phase 9) , and CAAT box and E2F elements were involved in the expression of the H2AX gene 10, 11) . It has a strong homology with major H2As in its first 120 amino acids. However, it carries a unique C-terminal region which is conserved among H2As in lower eukaryotes 9) . The Cterminal region contains the sequence QASQEY, a consensus site of Ser phosphorylation by PI-3 kinase. Radiation-induced DSB formation results in the rapid phosphorylation of H2AX by ATM and ATR kinase, causing the formation of a modified form, γ-H2AX 12, 13) . Thus-formed DSB is repaired by nonhomologous end-joining 14, 15) or homologous recombination by Rad50 group of genes. Concerning the function of H2AX, it has been reported that in the yeast Saccharomyces cerevisiae, phosophorylation of the motif in the C-terminal part of H2A is required for efficient DSB repair by non-homologous end-joining 16) . In addition, the H2AX knockout mouse has been shown to be genetically instable and radiation-sensitive 17) . It is thus recognized that H2AX phosphorylation can be used as a sensor of DNA damage on chromosomes, and it is obvious that the control of H2AX phosphorylation is especially important for mammals to protect DNA against the effects of radiation in space. However, the expression pattern of H2AX itself, in mammals has not been demonstrated. We performed a histological study of H2AX expression and phosphorylation after X-irradiation in mouse organs and cultured cells.
MATERIALS AND METHODS

Immunohistochemistry
Organs and tissues of Balb/6 mice and X-irradiated mice were frozen in liquid nitrogen and sectioned at 4 µm on a cryostat. Immunostaining was carried out using rabbit anti-H2AX antibodies. Staining was developed using the Vectastain Elite ABC kit (Stratagene). For counterstaining, haematoxylin was used. These experiments were carried out more than three times. More than one hundred of cells were counted for H2AX and γ-H2AX staining three times, and average percentages were calculated.
Cell cycle
Mouse m5S cells were kindly donated by Dr. M. Sasaki. The cells were cultured in DMEM supplemented with 10% fetal calf serum. For cell-cycle synchronization, cells were cultured in chamber slides with depleted serum (0.25%) for 60 h and subsequently re-stimulated by the addition of 10% FCS in DMEM 18) . The cell-cycle stages of m5S cells (1 × 10 6 ) synchronized by serum-starvation were determined by FACS analyses using FACScalibur (Becton-Dickinson) after propidium iodide staining. The data were analysed by ModFit software.
Antibodies
Polyclonal anti-H2AX antibody was raised in rabbits using a C-terminal synthetic peptide (TVGPKAPAVGKKASQAS-QEY). The anti-serum was affinity-purified using the C-terminal peptide. An antibody against γ-H2AX was prepared using C-terminal peptide with phosphorylated Ser (139) residue. Subsequent affinity purification and absorption to non-phosphorylated C-terminal peptide yielded a specific antibody to γ-H2AX.
RESULTS AND DISCUSSION
In order to examine the expression of the H2AX gene in mammalian cells, we carried out an immunohistochemical analysis using an anti-H2AX antibody as well as anti−γ-H2AX. The anti−γ-H2AX antibody was made specific by absorption with a non-phosphorylated C-terminal peptide. Since H2AX mRNA was abundant in the spleen, thymus, small intestine and testis, as previously determined 9) , we prepared frozen tissue sections from those organs and immunohistologically stained. As shown in Fig. 1A, H2AX protein was detected uniformly in thymus cells, suggesting its presence in the nucleus of every cell (100% of nuclei were positive) as a minor component of the histone core. In contrast, γ-H2AX was not detected in most of the cells in the thymus (8.0% of nucle were positive).The positive cells for γ-H2AX (Fig. 1B) were immature T stem cells in the outer cortex under the capsule. To examine the effect of radiation on the phosphorylation of H2AX, 30 Gy of X-irradiation was delivered to wild-type mice at 8 weeks of age. Following irradiation, we detected γ-H2AX in 37% of the cells in the thymus, consistent with the DNA damage-responsiveness of H2AX kination (Fig.  1D) .
We next, examind sections of the small intestine and found H2AX in most cells there (85%, Fig. 1E) , as in the case of thymus. Without X-irradiation, we could not detect γ-H2AX in the samll intestine (0%, Fig. 1F ). Following exposure to X-irradiation, 17% of the cells became positive for γ-H2AX. The lymphatic cells located in the lamina propria of the small intestine were mainly stained for γ-H2AX (Fig. 1H) , However, nuclei of absorptive epithelial cells in the villi were not strongly stained by anti−γ-H2AX, even after irradiation (Fig. 1H) , suggesting that H2AX were not always phosphorylated to the same extent by Xirradiation in all cells.
In the testis, we detected H2AX in germ cells (from spermatogonia to spermatids), Sertoli and Leidig cells (Fig. 1I) ; thus, all of the cells in seminiferous tubules contained H2AX. In this case, we recognized γ-H2AX in spermatocytes of leptotene to the pachytene stages (Fig. 1J) , as previously described 19, 20) , and 40−56% of the tubules had γ-H2AX positive cells. H2AX may be located on DNA double-strand breaks on meiotic chromosomes. We examined this in Dmc1-deficient mice. As reported before, both male and female Dmc1-deficient mice are infertile due to the arrest of meiosis caused by an impairment of the synapses of homologs 21) . As shown in Fig. 1M and 1N , the spermatocytes, arrested at the leptotene stage, were stained by an anti− γ-H2AX antibody. Leptotene spermatocytes had γ-H2AX as a result of meiotic chromosome double-strand breaks, without Xirradiation. Following X-irradiation of wild-type mice, spermatogonia, spermatocytes and spermatids were stained by anti− γ-H2AX (Fig. 1L) . About 94% of the seminiferous tubules became γ-H2AX positive by X-irradiation. This suggests the involvement of γ-H2AX in DNA repair in germ cells in meiosis. We then, examined H2AX expression through the cell cycle. We cultured m5S cells in depleted fetal calf serum (0.25%) for 60 h and the cells were arrested at the G0 phase. By the addition of serum (10%), the cells re-started the cell cycle. The cells entered the S phase at about 12 h and the G2/M phase at 20−24 h after serum addition, as judged by FACS analyses (Fig. 2A) . The H2AX was detected from the G0 phase (Fig. 2B-a) through G2/M phase (Fig. 2B-e) . In the G0 phase, the nuclei were small, and all of them were faintly stained with the anti-H2AX antibody ( Fig. 2B-a) . At 16 h after serum addition, 97% of the cells were in the S phase, and enlarged nuclei were densely stained ( Fig. 2B-d) . The M phase cells with a condensed chromosome were strongly stained. After 24 h, the cells re-entered the G1 phase and the relative number of H2AX positive cells was decreased to 58%, with the cells being completely negative for γ-H2AX (Fig. 2B-f) .
Thus, H2AX was expressed in almost all cells in mammals, and not phosphorylated. However, by X-irradiation, H2AX in most cells became phosphorylated. However, absorptive cells in the small intestine were modestly phosphorylated. In contrast, H2AX in meiotic prophase cells was phosphorylated without irradiation. These results suggest that the kination of H2AX in Cterminal Ser is determined by the physiological state of the cells, and a further study of the kination system is needed.
